and over 280 genes are claimed to be associated with either a nonsyndromic or syndromic form of the disease (based on a search for the term "Hearing loss OR Deafness" in the Human Gene Mutation Database (HGMD) in 2014 and information available at the Hereditary Hearing Loss Homepage at http://hereditaryhearingloss.org/). Over 100 genes have been associated with nonsyndromic hearing loss, and an even greater number of genes have been associated with syndromes in which hearing loss is a primary feature. While some of these genes have a well-established causal role in hearing loss, the evidence supporting the association of many of these genes to hearing loss has not been fully assessed and may be inadequate to assume causality.
With the advent of next-generation sequencing (NGS), it has become more feasible and less costly to increase the genes included on diagnostic genetic panels, albeit at the expense of increasingly complex data interpretation due to the large number of novel variants across many genes. In turn, many expanded gene panels do not offer the expected increase in clinical sensitivity thought to be gained through additional gene content. 3 Therefore, evaluating gene-disease associations should be a critical step for establishing diagnostic panels with the highest clinical sensitivity, while reducing the number of reported variants that are unrelated to the clinical manifestations of the patient. Indeed, this approach is recommended by the American College of Medical Genetics and Genomics in their practice guideline for clinical NGS. 4 Despite the recent guidelines integrating gene-level and variant-level evidence for interpreting sequence variants in human disease, 5 the clinical genetics community lacks both detailed criteria for defining gene-disease associations and necessary cutoffs for including or excluding genes on diagnostic panels such that some genes included on clinical panels have inadequate evidence supporting their contribution to disease. As a SyStematic Review result, available clinical panels for the same disease tend to have highly variable numbers of genes. 6 As an example, five clinical genetics laboratories, registered in the Genetic Testing Registry as of October 2014, target a substantially different number of genes in their NGS-based hearing loss testing.
While including only genes with the highest clinical validity will help to alleviate the burden of variant interpretation, curating those genes for different disease and molecular aspects will also facilitate ongoing clinical interpretation and prioritization of variants. For example, hearing loss diagnostic panels include a large number of genes, many of which have characteristic hearing loss features (e.g., severity, onset, laterality, presence or absence of other syndromic features), mode of inheritance (recessive, dominant, X-linked, mitochondrial), and mutation spectrum. Understanding the patient's family history and hearing loss characteristics can help in prioritizing variants in genes known to match the patient's inheritance pattern and disease features. Finally, defining the pathogenic mutation spectrum and any mutational hot spots in each gene can add another important filter in the variant interpretation process.
Here we describe a systematic approach to evaluate evidence for gene-disease associations through data that are available in the literature and in public databases. Using sensorineural hearing loss as a genetic disease model, we propose criteria for a four-tiered gene-disease association classification system, which can guide gene content decisions for diagnostic panels. We apply these criteria to 163 genes offered by five molecular diagnostic laboratories, including our own. We also present a retrospective evaluation of the data interpretation and laboratory "wet-bench" operational burden due to inclusion of weakly associated genes across 539 hearing loss probands tested by our laboratory. Finally, genes with more credible association with hearing loss were thoroughly curated; hearing loss-related information, such as the potential gene-disease mechanism, phenotypic description, inheritance patterns, and variation spectrum, is summarized.
MetHOds evaluating gene-disease associations for nonsyndromic hearing loss genes
The evidence associating each gene with disease was manually assessed and quantified according to the criteria in Table 1 .
This process involved evaluating the published functional (in vitro or in vivo) and/or genetic (linkage, case-control, de novo) evidence at the gene and variant levels. Variants reported in the literature or in public databases were used to support a genedisease association and were assessed to determine pathogenicity based on criteria described by Duzkale et al. 7 In addition, the overall gene tolerance to common functional variants (missense or loss of function) in the control population also was considered as calculated by Petrovski and colleagues. 8 Genes associated with multiple inheritance patterns and/or both syndromic and nonsyndromic forms of hearing loss were evaluated for each inheritance pattern and clinical presentation separately, and they also were given an overall evidence level equivalent to the highest level for any association (see Supplementary Tables S1 and S2 online).
Gene curation
Genes with an evidence level of two or higher were further curated based on the descriptive categories shown in Table 2 
Cost analysis
A total of 539 hearing loss probands were referred to the Laboratory for Molecular Medicine for genetic testing using the NGS-based hearing loss gene panel (OtoGenome V2). After evaluating genes on this panel, some genes were determined to be weakly associated with disease based on the criteria in Table 1 . The cumulative impact of these genes on laboratory "wet-bench" operations and data interpretation was estimated using data from the patient cohort (n = 539).
Wet-bench analysis focused mostly on the Sanger sequencing follow-up reactions that are necessary to confirm potential clinically significant variants and to fill in "uncallable" bases (defined as bases with <20× coverage) and/or "failed" regions (defined as regions where any 10 consecutive bases had <20× coverage). The average number of follow-up Sanger amplicons per gene was calculated across all 539 clinical samples (Supplementary Table S3 online). For cost analysis, we estimated the cost per amplicon to be $8, which includes reagents, supplies, and labor. It is worth noting that this cost might be an underestimate of the burden posed by genes with weak evidence of disease association since it is based only on our laboratory's personnel and amplicon costs.
To estimate the interpretation burden, all variants identified and reported in weakly associated genes were counted and the impact on time and cost was calculated. Variant classification is a manual process that requires an in-depth assessment by a genetic counselor lasting between 22 and 120 min, 7 followed by a 15-to 30-min review by an American Board of Medical Genetics and Genomics-certified geneticist. Therefore, the cost was derived using the median hourly payment rate for a genetic counselor ($35 per hour) and geneticist ($56 per hour) from salary surveys by the National Society of Genetic Counselors (Boston, MA; Median Salary for 2014, available at http://nsgc.org/p/cm/ld/fid=68) and American College of Medical Genetics and Genomics (2011 Salary Survey Report; available at https://www.acmg.net/StaticContent/Survey/2011 ACMGSalarySurveyReportFINALMay2012.pdf), respectively. Furthermore, variants of uncertain clinical significance that contributed to the overall interpretation results were highlighted (Supplementary Table S4 online). The impact on final report results of these genes was determined through the number of reports with inconclusive result due to these genes, either fully or in part. Supplementary Table S5 online shows a breakdown of the interpretation time and cost per variant, and also takes into consideration time needed to include a patient's phenotype, age, and family history when preparing the final report. Finally, we describe diagnostic scenarios in which segregation analysis was performed for variants in these genes and the burden incurred, both from an operational and an interpretation perspective.
ResULts

Gene-disease association criteria: systemic evaluation of clinically available sensorineural hearing loss genes
Our goal was to establish a system for assessing evidence associating any gene with disease, and then using this assessment to define the criteria for including a gene on a diagnostic panel. Although we focused on hearing loss, this approach is applicable to other disease areas. We devised a four-tier system describing gene-disease association evidence levels ranging from 0 to 3, as shown in Table 1 . Genes with no reported evidence were considered to have "evidence level 0, " or an "undetermined association. " A gene was proposed to have "weak evidence, " or "evidence level 1, " if one or a few variants in that gene were reported in patients but lacked supporting functional or genetic evidence. Similarly, a gene with only animal model studies supporting a disease association, but no human data, was classified as having evidence level 1. Genes with a "likely association" to disease, or "evidence level 2, " had one or two variants that are classified as pathogenic or likely pathogenic according to Duzkale et al. 7 and had some-mostly in vitro-functional evidence. Finally, genes with more than two pathogenic or likely pathogenic variants as well as supporting in vivo functional evidence, such as mouse models, are classified as "strongly associated, " or "evidence level 3" ( Table 1) .
For nonsyndromic hearing loss, we decided to use evidence level 2 as our cutoff for the inclusion of genes on a diagnostic disease panel (Figure 1 ). For syndromic hearing loss, the same cutoff was used for gene inclusion-however, only for genes that have been shown to cause "apparent" nonsyndromic disease in which hearing loss is the initial presentation or a primary clinical feature. We excluded genes associated with clinically distinct syndromes in which patients have never been reported to present with only hearing loss and/or the other clinical features are very obvious (Figure 1) . Using these criteria, we evaluated the evidence for each of the 163 genes currently offered as part of hearing loss panels by five clinical laboratories listing hearing loss panels in the Genetic Testing Registry (last accessed October 2014). Two laboratories were private and offered hearing loss gene panels with 103 or 150 genes. The remaining three laboratories were in academic settings and offered panels consisting of 27, 72, or 90 genes. Although the range of tested genes was 27-150, the total was 163 unique genes. Surprisingly, we found that 73 genes (45%) did not meet our criteria for inclusion on a diagnostic hearing loss panel (Figure 1 ). Of these, 37 genes (~23%) lacked sufficient evidence for association with disease (evidence levels 0 or 1 according to Table 1) , and 36 genes (~22%) were not qualified to be on a clinical panel because each leads to a distinct disorder in which hearing loss is a feature secondary to other, more prominent findings (Supplementary Table S2 online). Overall, only 90 genes (55%) were considered to have moderate or strong evidence for association with nonsyndromic or "apparent" nonsyndromic hearing loss. Therefore, for patients with such etiology, and based on the available evidence we strongly recommend including those 90 genes on hearing loss testing panels. However, it is important to monitor the literature for any new evidence regarding the genes described here or any newer hearing loss genes that are yet to be identified.
examples of genes with no or weak association
Below are a few examples of genes that were commercially available on diagnostic hearing loss panels; nearly all were included by at least three of the five surveyed laboratories. For these commonly sequenced genes, we describe the available evidence and rationale for their "weak" classification based on the criteria in Table 1 . We do not rule out the potential involvement of some of these genes in hearing function and/or their contribution to hearing loss. Nevertheless, given the current available evidence for these genes (Supplementary Table S2 online), their association to hearing loss is not clear, and therefore they cannot contribute to the clinical validity of the hearing loss test panel. In other words, variants detected in these genes are unlikely to identify variants that can be interpreted as being causal for hearing loss in patients with the present data. However, it is possible that future additional work on some of these genes may provide the evidence for a more credible association with disease.
MYO1A. This gene was originally implicated in autosomaldominant nonsyndromic hearing loss based on a multigenerational Italian family that showed linkage to the DFNA38 locus, which encompasses the MYO1A gene. 9 Subsequent analysis of this family failed to identify a causative variant in MYO1A; however the authors proceeded to sequence this gene in other families with dominant sensorineural hearing loss and reported eight candidate variants in MYO1A. 10 The study lacked segregation or functional data to support pathogenicity of any of the variants identified, failing to support a gene-disease association between MYO1A and SyStematic Review dominant nonsyndromic hearing loss. In addition, four of these variants had allele frequencies ranging between 0.5 and 3.8% among Caucasian individuals (Exome Sequencing Project), contradicting the assumption of a causal role for these variants. Interestingly, while preparing this manuscript, two publications 11, 12 showed that MYO1A is dispensable for normal hearing, consistent with the refutation of causality of the previously reported MYO1A variants as related to hearing loss.
PDZD7. This gene, encoding for a PDZ domain-containing scaffold protein, was originally implicated in autosomal-recessive deafness based on the identification of a homozygous reciprocal translocation, 46,XY,t(10;11)(q24.3;q23.3), detected in a boy with nonsyndromic congenital sensorineural hearing loss. 13 The chromosome 10 breakpoint of this translocation was expected to disrupt the open reading frame of one PDZD7 transcript (one that lacks the PDZ domain; ENST00000393462) while sparing the open reading frames of all other PDZ domain-encoding transcripts. In addition, there was no functional evidence to confirm the impact of this disruption and rule out an effect on neighboring genes. Another report suggested a role for PDZD7 as both a modifier of retinal disease in one patient with a causative homozygous variant in USH2A, and as a contributor to Usher syndrome through digenic interaction with USH2A or GPR98 based on one patient for each gene.
14 Again, this study lacked supportive segregation and/or functional evidence for the two variants in the patients, and thus the association of PDZD7 with nonsyndromic hearing loss or Usher syndrome based on these two studies is considered to be weak (evidence level 1).
GJB3. Several studies have provided sufficient evidence associating variants in GJB3 with autosomal-dominant [15] [16] [17] and, to a more limited extent, with autosomal-recessive 18, 19 erythrokeratodermia variabilis (OMIM 133200), a congenital skin disorder characterized by hyperkeratosis and transient erythema. However, evidence linking this gene with nonsyndromic hearing loss is limited. Several reports identified GJB3 variants in patients with presumed autosomaldominant, [20] [21] [22] autosomal recessive 23 and digenic 24 hearing loss. These studies, however, did not provide strong segregation or functional evidence to support the pathogenicity of candidate variants in any inheritance pattern, and the authors did not adequately screen for these variants in race-matched controls. For example, two of the purported causative variants, p.Arg32Trp and p.Tyr177Asp (NM_024009.2), have been separately detected at 2.4% (300/12706) and 0.6% (82/12924), respectively, in the Exome Sequencing Project cohort, suggesting that a causative role for these variants in patients with autosomal-dominant hearing loss is unlikely. This is further supported by a recent report that questioned the involvement of this gene in hearing loss through the identification of previously claimed pathogenic variants at high allele frequencies in a control data set.
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MIR182/183. These microRNAs occur as part of the microRNA 182/96/183 cluster (MIR-182/96/183) that is transcribed in tandem as a single polycistronic primary transcript expressed in the hair cells of the cochlea and the vestibule, 25 and they are thought to regulate sensorineural cell fates in the inner ear. 26 Although three variants in the MIR96 gene have been shown to segregate with disease in three families with autosomaldominant nonsyndromic hearing loss, 27, 28 no variants were identified in either MIR182 or MIR183 in patients with hearing loss. A mouse model strongly supports the contribution of MIR96 to hearing loss, 29 though no such evidence has been found for MIR182 and MIR183; their expression as part of a polycistronic transcript in the inner ear is insufficient to assume a functional role for these microRNAs in the auditory process.
SLC26A5. The gene-disease association for SLC26A5 was suggested in a study by Liu et al., 30 in which a homozygous 5′-untranslated region splice acceptor variant in exon 3 of this gene was identified in two families with presumed recessive nonsyndromic deafness (a sibling pair in one family and a singleton in the second family). Although this variant is predicted to disrupt splicing, there are no functional data to support the prediction and limited data on the impact of the absence of the 5′-untranslated region on gene expression. Two subsequent studies identified three SLC26A5 variants in two families with autosomal-recessive 31 or -dominant 32 hearing loss. In all three studies, however, segregation analysis was insufficient, and no other evidence was reported to support pathogenicity of any of the variants identified.
FOXI1. This gene was first implicated in Pendred syndrome (OMIM 274600) and nonsyndromic enlarged vestibular aqueduct based on the identification of five heterozygous missense variants in six sporadic cases. 33 In one of these cases, the patient also carried a heterozygous variant in SLC26A4, leading the authors to suggest a digenic interaction between FOXI1 and SLC26A4 (ref. 33 ). However, limited evidence for pathogenicity has been reported. Subsequent reports have questioned the association of FOXI1 with Pendred syndrome and/or enlarged vestibular aqueduct 34, 35 because of a lack of evidence and contradicting data. For example, functional analysis of a suspected heterozygous variant in a patient with hearing loss and enlarged vestibular aqueduct did not exhibit an impact on SLC26A4 expression-the proposed mechanism of pathogenesis for FOXI1 variants-and a variant in SLC26A4 was not identified in this individual, casting doubt on the assertion of a digenic interaction between FOXI1 and SLC26A4 (ref. 34).
TJP2.
A tandem inverted genomic duplication of 270 kb that encompassed the TJP2 gene was found to segregate in affected members of an Israeli kindred with dominant, adult-onset, nonsyndromic hearing loss, 36 which led to the association of this gene with hearing loss. Although the TJP2 expression level was shown to be higher in affected individuals carrying the duplication, a positional effect, especially on genes in the vicinity of this region cannot be ruled out. In addition, only two sequence variants in two small families with autosomaldominant hearing loss 37 have been reported, and these reports lacked segregation and functional data to support the pathogenicity of either variant. By contrast, a recent report showed an excess of loss-of-function TJP2 variants in individuals with progressive cholestatic liver disease, strongly associating TJP2 with this alternate disease. 38 CRYM. In one study, 192 patients with nonsyndromic hearing loss were screened for causative variants in the CRYM gene based on its high expression in the inner ear. 39 Two candidate variants were identified: a missense variant (c.941A>C, p.Lys314Thr, NM_001888.3) in one proband and her affected mother, and a de novo stop-loss variant (c.945A>T, p.X315TyrextX5, NM_001888.3) in the second proband. Interestingly, another variant affecting the stop codon in this gene (c.943T>C, p.X315GlnextX5, NM_001888.3) , leading to a similar stop loss effect, has been found in the general population at an allele frequency of 0.2% (7/4,400 African American chromosomes; Exome Sequencing Project). The high frequency of this variant, which is almost equal to the incidence of autosomal-dominant hearing loss (1/500 or 0.2%) 12 argues against a role for the variant in pathogenicity and questions a causal impact for stoploss variants in this gene. In addition, the fact that CRYM has an overall tolerance to common (minor allele frequency >0.1%) functional (missense, nonsense, splice site) variants in the control population 8 is inconsistent with what would be expected for a gene associated with dominant hearing loss. The frequency data, along with the limited evidence for pathogenicity for the two variants identified in the two probands mentioned above, casts uncertainty on the association between CRYM and dominant hearing loss.
GJB6. Large deletions in the DFNB1 locus, which includes the GJB2 and GJB6 genes, have been strongly associated with autosomal-recessive sensorineural hearing loss. 40, 41 These deletions often include the promoter and coding regions of GJB6, which lie upstream of GJB2; they were first thought to cause hearing loss through biallelic disruption of GJB6 when homozygous, or through a digenic effect when occurring with a second pathogenic variant in GJB2. However, the two most common deletions-GJB6-D13S1830 and GJB6-D13S1854-were recently shown to significantly downregulate GJB2 expression. This implies that a loss of GJB2 expression through disruption of cis-regulatory elements, and not a digenic interaction between GJB2 and GJB6, is the underlying mechanism causing hearing loss due to these deletions. 42, 43 Therefore, despite the moderate evidence associating missense variants in GJB6-namely, Gly11Arg and Ala88Val, NM_006783.4-with autosomal-dominant hidrotic ectodermal dysplasia (Clouston syndrome; OMIM 129500), 44 the evidence associating sequence variants in this gene with autosomaldominant or digenic (with GJB2) nonsyndromic hearing loss 45, 46 remains questionable given the limited segregation and functional evidence for reported variants. In summary, it remains to be determined whether variants affecting the function or expression of GJB6 are causative for hearing loss.
Curating genes with sufficient evidence for association with disease
To further facilitate ongoing clinical interpretation of variants found in the 90 genes with sufficient evidence for disease association, these genes were thoroughly curated for relevant data to inform the pathogenic variant spectrum across each gene; the related clinical presentation (type of hearing loss, onset, severity and affected frequencies, syndromic features); the inheritance patterns; and the mechanism of disease associated with each gene (Supplementary Table S1 online; information about the remaining 73 genes is available in Supplementary Table S2 online). To further delineate gene-disease associations, we provided separate evidence levels for genes reported to cause multiple inheritance patterns and/or clinical presentations. An illustrative example is COL11A2, which is associated with autosomal-dominant, recessive, syndromic, and/or nonsyndromic hearing loss. Although the overall evidence level associating COL11A2 with disease is strong, the evidence associating it with autosomal-recessive nonsyndromic hearing loss is weak compared with that associating this gene with autosomal-dominant nonsyndromic hearing loss or with autosomal-recessive otospondylomegaepiphyseal dysplasia.
When combined with patient-specific features and family history, the gene-specific information in Supplementary Table S1 can be highly informative for prioritizing relevant variants over others detected through sequencing of all 90 genes. For example, variants in WFS1 may be more suspect in a patient with low-frequency hearing loss and a dominant family history. Ultimately, automated variant prioritization or pathogenicity prediction tools can potentially be developed by combining patient-specific clinical data with the disease-specific and gene-specific information provided in Supplementary Table S1 online.
Impact and cost analysis
To assess the impact of including genes with limited evidence on laboratory workflow, we focused our analysis on genes included in an early NGS-based hearing loss diagnostic panel (OtoGenome V2) offered by the Partners Laboratory for Molecular Medicine. This panel consisted of a total of 72 genes thought to underlie nonsyndromic or "apparent" nonsyndromic sensorineural hearing loss. Based on the criteria described here, eight genes (11%) were found to have insufficient evidence for disease causality and were excluded from the newly released and updated OtoGenome V3 panel. In addition, although included in our panel for copy-number analysis, sequence variants in GJB6 were considered to have weak association with hearing loss and therefore were excluded from interpretation. A total of 539 probands with hearing loss were tested using the OtoGenome V2 panel since 2012, giving us the opportunity to assess retrospectively the impact the eight weakly associated genes had on laboratory wet-bench operations and data interpretation.
SyStematic Review
Although additional hybridization probes to capture all coding regions in the eight genes are used in our NGS library preparation, the additional cost for such probes is minimal such that we excluded it from our analysis. In addition, there is no extra labor involved in including more probes since a capture kit is run on each sample regardless of its probe content. We also assumed no extra effort or cost on the wet-bench NGS runs because of the high capacity of these types of sequencing platforms. It might be argued, however, that reducing gene content will lead to increased coverage across targeted regions and hence allow for more sample multiplexing per batch/run, ultimately lowering the sequencing cost. Nonetheless, given each laboratory's relatively fixed test volume and the already high coverage in targeted gene panels, the impact of removing those genes on sequencing cost might actually be insignificant. Therefore, for this analysis we considered only the impact on wet-bench processes that come from the accompanying Sanger sequencing needed to ensure "test completeness" as well as to confirm identified variants.
One advantage of focused gene panels over whole-exome or whole-genome sequencing is the ability to ensure complete sequencing coverage across all tested genes by using Sanger sequencing to fill in uncallable bases or failed regions as a result of the low coverage by NGS (see the Methods section). Such sequencing gaps are overwhelming in whole-exome or wholegenome sequencing, rendering Sanger "fill-in" impractical and cost-prohibitive. In our current clinical testing protocol, Sanger sequencing is used to confirm clinically significant variants identified by NGS. On average, 25.4 follow-up Sanger assays were performed for every OtoGenome case (N = 539). Of those, 1.4 assays per case were in the eight excluded genes, accounting for a total of 773 unnecessary follow-up Sanger assays among this patient cohort. Supplementary Table S3 online shows the number of amplicons per gene divided into ones that were the result of failed, uncallable, or variant confirmation reactions. Given the estimated cost per amplicon ($8/amplicon; see Methods), the total extra cost due to Sanger analysis in those genes is estimated to be around $6,184 (N = 539 patients), or $11.47 per sample ( Table 3) . This cost analysis might be an underestimate of the actual burden posed by the excluded genes since it was based on labor and amplicon estimates from our laboratory only.
We also investigated the impact of including the weakly associated genes in the interpretation of genetic results, which has now become the major challenge facing clinical laboratories performing expanded gene panels. A total of 197 variants in the 8 genes were identified and required manual assessment. Of these variants, 53 were classified as variants of unknown significance (VUSs) and were included in reports for 51 cases (9% of all 539 reports). The rest were classified as benign or likely benign (n = 144).
In 15 of these 51 cases, the hearing loss was explained by the presence of variants in other known hearing loss genes, thus ruling out the involvement of the excluded genes. In 28 cases VUSs were reported in combination with VUSs in genes with strong disease evidence (5%). Eight inconclusive reports (1.5%) were solely due to VUSs detected in the excluded genes. The last group of reports would otherwise have been reported as negative, thereby avoiding the ambiguities in communicating these results to clinicians, patients, and their families, and reducing anxiety for families surrounding the recurrence risk for carriers of these variants. Furthermore, in 6 of the 51 cases with VUSs from excluded genes, segregation analysis was performed by testing other family members to aid in interpretation. This generated an additional 10 reports for 10 family members, with no impact on the overall result in each family, contributing to the uncertainty and potentially increasing anxiety for these families.
Using the time needed to assess and interpret each variant while taking the patient's family history, age, and clinical context into consideration (Methods and Supplementary Table S5 online), we estimated the total extra time and cost burden (N = 539) to be 201 h and $8,269, respectively. This translates to an extra 22 minutes, on average, or $15.34 for interpretation per case (Table 3) . Overall, with sequencing and interpretation burdens combined, we estimate a cumulative extra cost of $27 per case and a total of $14,450 for all 539 cases.
dIsCUssIOn
In this work, we provide a systematic approach and a scoring system for assessing gene-disease association. We also present our cutoff for including any gene on a diagnostic NGS panel; by applying this approach to genes that are clinically available for hearing loss testing, we show that a significant number of genes do not have sufficient clinical validity to be included in clinical testing. Using over 500 clinical cases tested for hearing loss using an NGS panel, we retrospectively assessed the impact of including genes with a weak association with hearing loss on laboratory workflow and interpretation. In addition, for genes with sufficient evidence for disease causality and inclusion on panels (n = 90), a description of the gene-disease association is presented (Supplementary Table S1 online), which can be a useful reference to facilitate the variant interpretation process and provides an overview of clinical manifestations (inheritance, onset, severity, and other features) associated with each gene. Our study clearly highlights the need for performing a thorough review of evidence for gene-disease associations before deciding on gene content for clinical testing. Our experience with hearing loss panels emphasizes the urgent need for defining the strength of gene-disease associations to help guide gene content for diagnostic panels. In fact, this challenge has been recognized by the clinical genetics community and, during the preparation of this article, the Gene Curation Working Group of the Clinical Genome Resource released a seven-tier classification system to organize gene-disease associations (https:// www.clinicalgenome.org/knowledge-curation/gene-curation/ clinical-validity-classifications/).
The information provided for the 90 hearing loss genes evaluated in this study (Supplementary Table S1 online) is expected to facilitate variant interpretation in clinical laboratories that offer genetic testing for nonsyndromic hearing loss. Combining patient phenotypic and family history information with current knowledge about the gene's mode of inheritance, expected phenotype, and variant spectrum is useful for variant prioritization. Combined with other parameters, such as conservation and protein domain information, we expect this information to assist in variant assessment. A major challenge, and a potential limitation of this work, is the ability to maintain an up-todate knowledge base about genes in hearing loss (or any other disease area). One approach would be to standardize the gene assessment process and to create user-friendly interfaces that facilitate gathering or updating information about any gene of interest. In fact, this is one of the goals of the ClinGen Project, and tools to support this activity will soon be available.
Our retrospective analysis shows that several aspects of laboratory testing, including wet-bench processes, variant interpretation, and follow-up familial testing can be more efficient by excluding genes with weak disease associations. This estimation does not take into consideration the extra time and effort that a genetic counselor might spend explaining variants in those genes while delivering the test results to patients. A brief survey of 14 genetic counselors in Partners Healthcare-affiliated hospitals and laboratories showed that, on average, and depending on different clinical and test result scenarios, a genetic counselor would spend extra time communicating variants in genes of unknown clinical significance to patients (unpublished data). We also expect that VUSs from such genes may have a significant psychosocial impact on individuals and their family members; however, this has not been examined in our analysis.
In summary, our study demonstrates that evaluating the clinical validity of all genes on a diagnostic panel can reduce uncertainty and inefficiencies that affect everyone in the testing process, including providers, genetic counselors, laboratory personnel, and, most important, patients.
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